Background. In evaluating a photochemical treatment process for inactivating parvovirus B19, there lacked simple culture methods to measure infectivity. The recently developed enzyme-linked immunospot (ELISpot) infectivity assay uses late-stage erythropoietic progenitor cells and is labor intensive and time consuming. We evaluated a novel, efficient polymerase chain reaction (PCR) inhibition assay and examined correlations with reductions in infectivity.
ponent transfusion [1, 2] . Transfusion-transmitted B19 infections in immunocompetent individuals are clinically mild, asymptomatic, and persistent [3] . However, B19 infection causes more serious diseases, such as acute and chronic anemia, in immunocompromised patients and fetal hydrops and spontaneous abortion in pregnant women; it can also provoke persistent complications in patients with hematological problems that required them to initially receive blood transfusions [4, 5] . The risk of B19 transmission by transfusion is increased by seasonally high viral titers in infected donors, donation pooling, and viral resistance to current inactivation methods.
In current blood-safety practice, B19 screening of donations is not routine, and no US Food and Drug Administration requirements are in place. An estimated [6] , making the screening and discarding of B19-positive blood products impractical. At present, the pathogen-inactivation methods that have been implemented are ineffective against this highly resilient virus [7, 8] . B19 withstands virucidal processes of heat denaturation [9] and solvent-detergent treatments [10] , which are effective only against lipid-enveloped viruses. To prevent transfusion-transmitted B19 infection, a new pathogen-inactivation method capable of penetrating its tight capsid and inhibiting its replicative function is required.
The INTERCEPT Blood System, a photochemical treatment (PCT) process that uses amotosalen-HCl and UV A light (UVA), has been developed for the inactivation of viruses, bacteria, protozoa, and leukocytes in platelets and plasma for transfusion [11] [12] [13] . The inactivation mechanism combines the nucleic acid-intercalating property of amotosalen with its cross-linking capabilities after UVA activation to eliminate the replicative function of treated pathogens. PCT has been shown to inactivate a broad spectrum of viruses, bacteria, parasites, and white blood cells and create safer blood-transfusion products [11, 12, [14] [15] [16] [17] [18] [19] [20] .
In studying the efficacy of the inactivation of B19 by PCT, an efficient, straightforward, in vitro assay correlating with infectivity was lacking. Present assays for determining the inactivation of B19 are limited and vary in sensitivity and detection ability. For instance, genome equivalence (gEq) methods measure only a small portion of the viral genome via polymerase chain reaction (PCR) to determine the gEq titer. An incomplete or altered viral particle, although rendered noninfectious, could potentially result as a positive gEq and artificially increase the viral titer. If available, the use of full-length genome PCR primers would remedy the problem; however, PCR is not quantitative. Biological assays, although able to measure infectious titers, are time consuming, labor intensive, and limited by assay volume. Taking into consideration the shortcomings of each assay, we have developed a new quantitative PCR (QPCR) test of viral replicative function to demonstrate the effectiveness of PCT against B19. Rather than measuring the relative presence of parent DNA, the assay measures the replicative ability of the inactivated parent DNA by comparing similarly preamplified untreated and treated viral preparations using QPCR. An inhibition of preamplification to the level of baseline control would demonstrate complete inactivation of the virus. This assay is easy and simple to perform and demonstrates a strong correlation with infectivity. In combination, the results from an infectivity assay, full-length PCR amplification, and our novel assay of preamplification and QPCR demonstrated 5-6 log of B19 inactivation by PCT. Furthermore, the QPCR assay using preamplification PCR inhibition can be applied to future investigations of pathogen inactivation.
MATERIALS AND METHODS

Materials.
B19-infected plasma [21] was obtained from Grifols and Baxter, and hepatitis B virus (HBV)-infected plasma samples were collected from Komfo Anokye Teaching Hospital (Kumasi, Ghana), as reported elsewhere [22] . PCR reagents were obtained from Applied Biosystems unless otherwise noted.
Preparation of samples. Untreated, infected samples were used as controls. Infected platelet concentrates were created by resuspending platelets in B19-infected plasma before PCT. PCT for both platelets and plasma was performed using the conditions used by the INTERCEPT Blood System (Baxter Healthcare). Briefly, platelets or plasma were treated with 150 mmol/ L amotosalen 3 J/cm 2 UVA [11, 12] . Viral DNA extraction. For the preamplification inhibition assay, viral DNA was extracted from 200 mL of plasma using the High Pure viral nucleic acid kit (Roche Diagnostics) in accordance with the manufacturer's instructions. For samples with high viral loads, dilution using virus-negative plasma was performed before extraction, so that the final concentration of nucleic acid was within the dynamic range of QPCR studies.
Semiquantitative PCR. B19 DNA was extracted from infected plasma and excised with restriction enzymes XhoI and KpnI, which resulted in a 4760-bp fragment devoid of the viral inverted-repeat regions, and inserted into a pBluescriptII SK(+) plasmid (2900 bp). The resulting plasmid was 7.7 kb in size. A solution with 10 log copies/mL was used as the stock solution.
Analysis was performed for both control and PCT-treated samples. Primer sequences amplifying a 4.3-kb B19 template were as follows: B19 (nt 892-5213) forward, 5 -CCAGAAACC-TCACAGTGTG-3 and B19 (nt 892-5213) reverse, 5 -TTAAA-GCGCAACAACATAATTTT-3 . The 25-mL reaction contained 1ϫ PCR buffer, 200 mmol/L dNTPs, 3 mmol/L MgCl 2 , 1 mmol/ L each primer, 5% dimethyl sulfoxide, 2 mL of DNA template, and 0.1 U/mL Taq DNA polymerase. PCR parameters were 5 min at 95ЊC; 35 cycles of 30 s at 95ЊC, 30 s at 55ЊC, and 5 min at 72ЊC; and 10 min at 72ЊC.
Preamplification of B19 and HBV. Preamplification was performed for both control and PCT-treated samples. Viral DNA was amplified using primers spanning regions sufficiently conserved across the 3 genotypes of B19: B19 forward (5300 bp), 5 -CCGGAATTCGACGTCACAGGAAATGACG- The 50-mL PCR mixture contained PCR buffer II: 2.5 mmol/ L MgCl 2 , 0.3 mmol/L dNTPs, 0.8 mmol/L each primer, and 2 U of AmpliTaq DNA polymerase. Then, 10 mL of template DNA that contained 10 2 -10 6 copies/mL was used for each reaction. B19 PCR parameters. For the 5300-bp PCR, after an initial incubation for 5 min at 94ЊC, 20 cycles of 30 s at 94ЊC, 45 s at 52ЊC, and 5.5 min at 72ЊC, followed by 10 cycles of 30 s at 94ЊC, 45 s at 52ЊC, and 6 min at 72ЊC were performed. For PCRs generating 3011 bp, 16 cycles of 30 s at 94ЊC, 45 s at 52ЊC, and 3 min at 72ЊC were used; for those generating 926 bp, 10 cycles of 30 s at 94ЊC, 45 s at 55ЊC, and 1 min at 72ЊC were used; for those generating 244 bp, 8 cycles of 30 s at 94ЊC, 45 s at 55ЊC, and 1 min at 72ЊC were performed. All PCRs were followed by incubation for 7 min at 72ЊC.
HBV PCR parameters. For the 3200-bp PCR, after the initial 5-min incubation at 94ЊC, 22 cycles of preamplification were applied for 40 s at 40ЊC, 1.5 min at 60ЊC, and 3 min at 72ЊC, with a 2-min increment every 10 cycles (final step, 7 min). For the reaction generating the 1642-bp amplicon, the same conditions were applied for 16 cycles without a time increment, and, for the 495-bp amplicon, 14 cycles of preamplification were applied.
QPCR conditions for B19 and HBV. After preamplification, the samples were quantified in terms of international units per milliliter using real-time PCR. Viral DNA was quantified using MX4000/MX3000 multiplex QPCR systems (Stratagene) and a Taqman-based technology. The method has been described elsewhere [23] . Primers for B19 QPCR (100 bp) were designed on the basis of sequences within the NS1 gene. Enzyme-linked immunospot (ELISpot) assay for the determination of B19 infectivity. B19-infected plasma or platelets were evaluated for infectivity as described elsewhere [21] . Briefly, viable virus titers were determined by infection of CD34 + cells (All Cells). CD34 + cells were induced to differentiate into CD36 + cells and infected with serially diluted control or PCT samples and transferred to ELISpot plates coated with polyclonal antibodies to B19 proteins (Dako). ELISpot plates were incubated for 72-96 h, and cells were washed. Bound B19 antigens were detected and developed with silver staining for visual or plate reader counting.
Data analysis. For ELISpot assays, the observed viral infectivity titer was used to calculate the log number of inactivated virus after PCT. Spot-forming units were calculated as follows: the total number of spots observed in all wells divided by the dilution and then divided by the volume of material plated at that dilution. Log reductions were analyzed as log (control/ treated).
RESULTS
In vitro efficacy of pathogen inactivation demonstrated by semiquantitative PCR of B19.
To determine the extent of PCR inhibition of B19 as a result of photochemical treatment with amotosalen (150 mmol/L) and UVA (3.0 J/cm 2 dose) (PCT), semiquantitative PCR was used to establish detection sensitivity and to measure the effectiveness of PCT (figure 1). This PCR approach applied conditions for the amplification of a nucleicacid fragment long enough (a 4.3-kb amplicon) to detect modification of the viral genome caused by PCT up to a range of sensitivity of 5 log. For accuracy, 2 different standards were used to demonstrate the assay range, with both standards subjected to amplification of the same long amplicon used to detect the post-PCT PCR product. Densitometry of the bands showed the correlation between band intensity and the concentration of amplifiable B19 template.
In figure 1A , the standard was based on PCR of 10-fold increasing input titers of a B19 genome plasmid. The B19 plasmid encodes the entire genome minus the inverted-repeat regions. On the basis of this standard, the lower limit sensitivity of the assay was 4 log copies, as demonstrated by detection of an amplified B19 band at an input titer of 4 log copies ( figure  1A, lane b) . As the densitometry of the DNA gel shows, the amplified signal became stronger with increasing amounts of Figure 1 . Parvovirus B19 (B19) polymerase chain reaction (PCR) inhibition after photochemical treatment (PCT) with amotosalen and UV A light. Electrophoresis in an agarose gel (1%) containing ethidium bromide at 0.5 g/mL was used to visualize the 4.3-kb PCR product of the amplified B19 genome (arrow). Log titers are shown below the gel with the corresponding integrated density of the band. A, PCRs using serial 10-fold dilutions of a plasmid containing the B19 genome. A 5-log range of detection by densitometry is seen. The log titer was calculated on the basis of DNA concentrations as determined by spectrophotometry. B, PCRs using serial 10-fold dilution of untreated viral extracts for lanes af. Stock titer (10 10 genome equivalents/mL) of untreated controls were determined by quantitative PCR assay (244 bp). The PCR sensitivity for the 4.3-kb amplicon was lower, and only a 4-log range of detection by densitometry was seen. However, inactivation was demonstrated with the highest titrated sample after PCT to the limit of detection. The longer the amplicon, the more cycles were needed to generate the same no. of copies. B, Validation of assay and determination of log-range sensitivity. QPCR was performed after the preamp of controls, to determine the log range of the assay and to confirm the equal amount of DNA product produced with each preamplification condition. Those with no preamp were not subjected to preamp and constituted the baseline control, consisting of only QPCR with a 100-bp amplicon. The preamp products of each amplicon length showed a 2-log range of amplification, which is the range within which one detects inhibition by photochemical treatment. The preamplification control products have been equalized to the same no. of copies after PCR. C t , cycle threshold.
input until it reached a plateau after an input titer of 8 log ( figure 1A, lane f ) . The higher input titers of 9 or 10 log did not result in an increase in the densitometry of the DNA band, compared with the 8-log input band ( figure 1A, lanes g and  h) , which demonstrated a 5-log linear dynamic range ( figure  1A, lanes a-f ) .
To corroborate the log range shown by the B19 plasmid, the relative range of detection was also demonstrated using untreated viral extracts shown in 10-fold increasing input titers ( figure 1B) . The lowest concentration detected corresponded to an input titer of 4 log. The same viral extracts were subjected to PCT, to assess its effect on B19 amplification. In figure 1B , lanes a-f show, untreated viral extract that, when compared with lanes g-l (with lane l depicting undiluted PCT viral extract), demonstrate that PCT causes complete PCR inhibition. There were no detectable bands in the PCT lanes after amplification, which demonstrated a 15-log reduction in the 4.3-kb genome.
Modified real-time PCR assay for a quantitative method of measuring PCR inhibition by PCT.
The conventional PCR approach demonstrated a comparative method of detecting changes in the signal amplification of viral samples treated with PCT versus untreated control samples, but it lacked quantitative analysis. For the measurement of PCR inhibition by PCT, conventional real-time QPCR has been unsuccessful because of the inability of the assay to support long amplicons. A modified approach involving preamplification with a large PCR product followed by QPCR with a short amplicon was developed for detecting the inactivation of B19 by PCT. The purpose was to combine the use of a long-template PCR amplicon to accurately detect whether DNA adducts had formed in the viral genome with a quantitative method, to compare the difference between untreated and PCT samples. Figure 2A lists the preamplification conditions according to amplicon size and cycle number. The preamplification PCR Figure 3 . Photochemical treatment (PCT) inhibition of parvovirus B19 (B19) amplification in plasma using a preamplification quantitative polymerase chain reaction assay. Log inhibition is graphed according to amplicon length of preamplification. With increasing preamplification amplicon length, the greater the amount of log inhibition is detected. An amplicon length of 13 kb was required to detect the full log inhibition in this assay. This increased viral inactivation, as shown using the preamplification polymerase chain reaction (PCR) and enzyme-linked immunospot (ELISpot) assays. A, Log inhibition of B19 with increasing exposure time to amotosalen before UVA treatment. The preamplification PCR log inhibition results were averaged from results using 3-and 5-kb preamplification amplicons. The same samples were subjected to ELISpot to measure the log reduction in infectivity. B, The strong correlation between preamplification PCR assay and ELISpot as represented by direct plotting of results from both assays and calculation of R 2 values.
conditions of several amplicon lengths varying from 244 bp to 5.3 kb were adjusted to generate equal amounts of final PCR product as measured using the short QPCR amplicon (100 bp).
The QPCR standard curves of each preamplification product demonstrated the accurate normalization of the preamplification conditions and compared the preamplification controls with the QPCR baseline control that had no preamplification ( figure 2B ). This shows that, in the case of B19, the preamplification conditions created a 2-log range of preamplification, compared with the baseline control. PCR amplification of B19 in plasma inhibited by PCT. The B19 preamplification QPCR assay detected inhibition of viral amplification by PCT to the limit of detection ( figure 3 ). The log inhibition of amplification increased with longer amplicons, demonstrating the need for a preamplification step with amplicons of у3 kb to detect the maximum effect of PCT. The 3-and 5-kb amplicons were comparable in the evaluation of PCT inactivation of B19. The DNA modifications of the B19 genome caused by PCT correlated with viral replicative function and demonstrated a quantitative approach to measuring pathogen inactivation.
Increased efficacy of amotosalen in B19-contaminated plasma after preincubation. B19 is a nonenveloped virus, and preincubation of the virus with amotosalen could increase drug exposure and availability of the viral genome. A time course of increasing incubation periods with amotosalen before UVA illumination showed that the log inhibition of amplification and reductions in infectivity could be improved with longer preincubation ( figure 4A) .
Correlation of PCR inhibition with infectivity as a measure of pathogen inactivation. To further illustrate the correlation, the results of the 2 assays were plotted against each other in figure 4B . The R 2 of 0.9398 for the graph illustrates a strong correlation of the results and shows the potential of using the preamplification QPCR assay to extrapolate the reduction in viral infectivity. For example, using these assays, a log inhibition of ∼2.3 as measured by QPCR inhibition corresponded to a log reduction in infectivity of ∼3.8 as measured by ELISpot.
Inactivation of B19 in platelet concentrates by PCT. In an effort to determine whether the preamplification PCR assay could detect the inhibition of B19 in the presence of cellular components, the inactivation of B19 was studied (figure 5A) in platelet concentrates. As with plasma, PCT inhibited B19 amplification in platelets by ∼2 log. This effect was increased after the preincubation of contaminated plasma with amotosalen before UVA, similar to our results with plasma.
To further demonstrate correlation between the preamplification PCR assay and infectivity, the results of the same samples measured by the 2 assays were directly compared. The R 2 value of 0.8892 corroborates the results of PCT of plasma. There is a strong correlation between ELISpot and the preamplifi- The longer the amplicon, the more cycles were needed to generate the same no. of copies. B, Validation of assay and determination of log range sensitivity for HBV controls. QPCR confirmed the equal amount of DNA product produced with each preamp condition. Those with no preamp were not subjected to preamp and constituted the baseline control, consisting of only QPCR with a 80-bp amplicon. The preamp products of each amplicon length showed an ∼4-log range of amplification. The broader log range is attributed to the increased preamp cycle numbers used in the HBV assay. C t , cycle threshold.
cation PCR inhibition assay, and in this case, a preamplification PCR log inhibition of 2.0 would equal a reduction in infectivity of 5.6 log.
Preamplification PCR inhibition assay to measure the inactivation of HBV by PCT. The assay that we have developed can be extended to other pathogens for which no in vitro test exists. HBV was used as a model to determine whether the assay could also detect the efficacy of PCT against HBV-contaminated plasma and whether improvements could be made to the dynamic range of the assay. Figure 6A shows the preamplification conditions of amplicon size and number of cycles. To illustrate how the number of preamplification cycles directly determined the range of log inhibition possible, the same controls were performed to measure the dynamic range for testing HBV amplification. As with B19, the HBV primers generated amplicons of increasing length, and the preamplification PCR conditions were normalized to produce the same number of copies ( figure 6B ). In the case of HBV, the preamplification cycles were normalized to 14 cycles of a 495-bp amplicon. Mathematically, 14 preamplification cycles, under the assumption of 100% efficiency, would yield 1.6 ϫ 10 4 copies, equal to ∼4 log. In practice, because the efficiency of PCR does not reach 100%, the controls showed that the range of log inhibition was ∼3.6 log. Therefore, at a maximum log inhibition of 3.6 for HBV, a broader range of detection is possible under the conditions set for HBV than under those set for B19 because of the increased number of preamplification cycles. Inhibition of HBV amplification to the limit of detection by PCT. When the preamplification PCR assay developed for HBV was used (figure 7), treatment of samples with PCT caused the inhibition of amplification to the limit of detection of 4 log. As the graph shows, an amplicon length of 3 kb was necessary to detect the effects of PCT.
DISCUSSION
The development of a pathogen-inactivation method for blood products would allow for safer blood transfusions. At present, blood banks only test for the presence of specific pathogens. Photochemical treatment inhibition of hepatitis B virus amplification in plasma using the preamplification quantitative polymerase chain reaction assay. The graph shows that, with increasing preamplification amplicon length, the greater the amount of log inhibition detected. An amplicon length of 13 kb was required to detect the full log inhibition in this assay.
Testing is limited by detection availability and sensitivity and the time required before product release. The use of pathogen inactivation would provide an ideal scenario in which a broad spectrum of bacteria, viruses, and parasites could be inactivated and fewer blood products would be wasted.
To establish the effectiveness of a pathogen-inactivation technology, biological assays have been the standard to determine reductions in infectious titers of a pathogen. The test systems currently available are frequently limited to complicated biological assays that are time consuming and labor intensive. For some pathogens, in vitro assays do not exist. In the present study, we developed a novel preamplification QPCR inhibition assay that was used to estimate reductions in viral infectivity for B19. The parallel association between PCR amplification and infectivity can be applied to other inactivation studies of different viruses to equate a result from a particular assay with results from another assay.
PCR assays allow quicker results to determine the presence of pathogens in a sample. Also, measuring the amplification capability before and after pathogen inactivation can determine whether the treatment disrupts the replicative function of a virus. By using a faster and more-efficient test method, one can also study more closely the biological capabilities of the virus, such as capsid penetration, dose effect, preincubation, and other parameters. To optimize the assay, the analysis of varying lengths of PCR products determined which amplicon size was necessary to detect PCT inactivation. As the amplicon lengths increased, more preamplification cycles were necessary to produce equal number of copies because of decreased replication efficiency for longer PCR products. The normalization of the preamplification reactions allowed a direct comparison of each amplicon length to determine which condition was best suited for studying pathogen inactivation by PCT.
In introducing the preamplification QPCR inhibition assay as a potential inactivation test, our studies also revealed ways to improve the assay and increase its sensitivity and range. For example, increasing the number of preamplification cycles would broaden the log sensitivity of the assay, as was demonstrated using the conditions applied for detecting HBV inhibition, compared with B19. The amount of parent DNA is the baseline, and increasing the amplification range would provide greater potential to detect finer differences between control and PCT samples. Mathematically, this is true because the preamplification conditions were normalized to equal the smallest amplicon, which was subjected to 8 preamplification cycles for B19 and to 14 preamplification cycles for HBV. Under the assumption of 100% PCR efficiency, 8 preamplification cycles increased the copy number of the 244-bp amplicon by 2 8 or , just over 2 log; and 14 preamplification cycles, under 2 2.6 ϫ 10 the assumption of 100% efficiency, would yield 1.6 ϫ 10 4 copies, or ∼4 log. In the case of HBV, the PCR was not 100% efficient; therefore, the log range was ∼3.6 log. The perfect imposition of all preamplification products for each virus showed that PCR efficiency decreased with increasing amplicon sizes; thus, to maintain the 2-log B19 preamplification range, 10 cycles were needed for the 926-bp amplicon, 16 for the 3-kb amplicon, and 30 for the 5-kb amplicon. These controls established the range of log inhibition of this assay. Therefore, a log inhibition of amplification of 2 log in PCT-treated, B19-contaminated plasma samples would demonstrate complete inactivation to the limit of detection.
Another method to increase the detection range of the assay is to shift the baseline curve. Because the QPCR amplicon, which detects the preamplification difference between control and PCT samples, is typically small (80-100 bp), the QPCR step amplifies the parent DNA, regardless of whether there is a cross-link in another region of the genome. Statistically, PCT causes cross-links in ∼1 of every 83 bp; thus, the likelihood that the QPCR primers will amplify a region that lacks an adduct is very high. Therefore, although the parent DNA was cross-linked by PCT, the QPCR assay failed to detect it. The use of a longer QPCR target would decrease the statistical occurrence of the primers amplifying by chance a region that does not have an adduct and would improve the assay by increasing the log range of inactivation possible without having to increase the number of preamplification cycles.
The results of the preamplification QPCR assay correlate with those of the ELISpot assay in both plasma and platelets, which signifies that it can predict infectivity. A linear relationship was identified by using both assays to measure the effect of 45-60 min of preincubation with amotosalen before illumination with UVA. For instance, a 2-log preamplification QPCR inhibition was equivalent to a 5.6-log reduction in infectivity. By establishing the reference curve between QPCR and infectivity, one can extrapolate the level of the inactivation of infectivity by performing only the QPCR assay. In conclusion, this novel PCR inhibition assay effectively demonstrates that PCT inactivates B19 and HBV in blood products.
